ABSTRACT The brain vesicles that are formed at an early stage of neural development are the fundamentals of the brain plan. Heterotopic transplantation revealed that the diencephalon could change its fate when juxtaposed to the isthmus (mes-metencephalic boundary), which indicated that the isthmus functions as an organizer for the mesencephalon and metencephalon. Fgf8 is identified as an isthmus organizing signal. Misexpression of Fgf8a and Fgf8b indicated that a strong Fgf8 signal organizes cerebellar development. The transcription factors define the fate of the region. Overlapping expression of Otx2, En1 and Pax2 may define the mesencephalic region and additional expression of Pax3/7 may instruct the mesencephalic region to differentiate into the tectum. The di-mesencephalic boundary is determined by repressive interaction between Pax6 and En1/Pax2 and the mes-metencephalic boundary is defined by repressive interaction between Otx2 and Gbx2. Fgf8 is induced at the border of the Otx2 and Gbx2 expression domain, overlapping with Gbx2 expression.
Introduction
The fundamental design of vertebrate brain architecture is formed at the early stage of development as brain vesicles. Primary brain vesicles such as prosencephalon, mesencephalon and metencephalon become subdivided into secondary brain vesicles; telencephalon, diencephalon, mesencephalon, metencephalon and myelencephalon (Fig. 1) . Here we will focus on diencephalon, mesencephalon and metencephalon. Diencephalon differentiates into the thalamus, hypothalamus, pretectum and retina etc. Alar plate of the mesencephalon of the lower vertebrates differentiates into the optic tectum, which functions as a visual center and the basal plate differentiates into the tegmentum. The cerebellum differentiates at the dorsal part of the metencephalon and the pons differentiates at the ventral part of the metencephalon. Each region of the brain is characterized by its specific architecture and the mode of cytoarchitectonic development is different from each other.
Organizing activity of the mes-metencephalic boundary (isthmus)
It was of great interest to find out whether the fate of the brain vesicles are determined from the first moment in developent or not.
To answer this question, ectopic transplantation of the brain vesicles was carried out (Alvarado-Mallart and Sotelo, 1984; Nakamura et al., 1986 Nakamura et al., , 1988 . In order to trace the fate of the transplant, interspecific transplantation between quail and chick embryos were adopted. Quail and chick cells could be easily distinguished because of the difference in nuclear structure (Le Douarin, 1973) . When presumptive quail mesencephalon was transplanted in the diencephalon or in the metencephalon of chick embryos, it retained its original fate and differentiated into the optic tectum (Alvarado-Mallart and Sotelo, 1984; Nakamura, 1990) . Presumptive metencephalon also retained its original fate and differentiated as cerebellum, when transplanted into the mesencephalon or the prosencephalon (Nakamura, 1986 (Nakamura, , 1990 .
Diencephalon could change its fate and differentiate into the tectum when heterotopically transplanted into the mesencephalon. Fate change occurred only when the diencephalon was transplanted in the posterior part of the mesencephalon and completely integrated into the host. In the anterior part of the mesencephalon, the transplanted presumptive diencephalon did not change its original fate even when the transplant was completely integrated into the host. In the mesencephalon, En2 is expressed in a gradient, caudal high and rostral low. En2 is not expressed in the diencephalon (Patel et al., 1990) . When diencephalon was transplanted near the mes-metencephalic boundary, En2 expression was induced in the transplant (Nakamura and Itasaki, 1992) . These results suggested that some factors emanated from the mes-metencephalic boundary. This notion was proven by transplantation of the isthmus to the presumptive diencephalon. The transplanted isthmus could induce tectal structure in the diencephalon (Martinez et al., 1991; BallyCuif et al., 1992 ; Bally-Cuif and Wassef, 1994).
The organizing molecules were then investigated. Crossley et al., (1996) implanted Fgf8-soaked beads into the diencephalon and showed that Fgf8 could mimic the isthmic activity. Fgf8 induced En and Wnt1 expression in the presumptive diencephalon, which was transformed into the tectum. These results suggested that Fgf8 is the isthmus organizing molecule (Fig. 1) . Subsequent gain-of-function studies of Fgf8 in chick and mice and analyses in mutant zebrafish and mice have all suggested that Fgf8 is a signaling molecule emanating from the isthmus (Brand et al., 1996; Crossley et al., 1996; Meyers et al., 1998; Reifers, et al., 1998; Liu et al., 1999; Martinez et al., 1999; Shamim et al., 1999) .
It is now accepted that the fate of certain regions is determined by a combination of transcription factors and that the organizing signal changes or stabilizes the expression of the transcription factors. We will discuss how we came to this notion in the following section.
Gene transfer and silencing by in ovo electroporation
Chick embryos have been important as experimental material because they are easily accessible. But as genetic manipulations such as transgenesis or gene targeting were proved difficult in chick, they became less used in the early 1990s. However Muramatsu et al. (1997) showed that gene transfer could be obtained by in ovo electroporation. We set the precise conditions of electroporation to misexpress a gene of interest in the neural tube of chick embryos (Funahashi et al., 1999; Nakamura et al., 2000; Nakamrua and Funahashi, 2001 ). This method is so effective that chick embryos were revivified as experimental material for developmental biology. Very recently, disruption of gene expression by in ovo electroporation was also obtained (Katahira and Nakamura, 2003) . To this end, DNA encoding short hairpin RNA is inserted into the plasmid vector that drives transcription by RNA polymerase III. Electroporation with this expression vector effectively produces small interfering RNA and could disrupt the target RNA. We could then evaluate the effect by in situ hybridization. Production of transgenic chicken by the lentiviral vector (McGrew et al., 2004; Chapman et al., 2005) and sequencing and initial analysis of the chicken genome (International Chicken Genome Sequencing Consortium, 2004; International Chicken Polymorphism Map Consortium, 2004 ) may increase the importance of the chicken as an experimental model.
Organizing activity of Fgf8
It was reported that there are at least 8 splicing isoforms of Fgf8 in mice. Differences between isoforms are very subtle, but Fgf8b showed a stronger transformation activity than Fgf8a. Sato et al., showed by RT-PCR that Fgf8a and Fgf8b are expressed in the isthmic region, Fgf8b being prevalent (Sato et al., 2001) . Then misexpression of Fgf8a and Fgf8b was carried out. Misexpression of Fgf8a in chick by in ovo electroporation or in mice under Wnt1 regulation resulted in fate change of the presumptive diencephalon to the mesencephalon (Lee et al., 1997; Sato et al., 2001) . The alar plate of the diencephalon differentiated into the tectum. In the basal plate of the chick embryos, oculomotor nucleus of the mesencephalon extended to the diencephalic region and additional oculomotor nerve trunks came out from the diencephalic region. Misexpression of Fgf8b in chick embryos by in ovo electroporation exerted drastic effects (Fig. 1A-D) . Presumptive mesencephalon changed its fate and acquired the characteristics of the metencephalon. Alar plate differentiated as the cerebellum; external granular layer and Purkinje cells differentiated (Fig. 1D) . Oculomotor nucleus disappeared and the optic nerve trunk was not formed. These results indicated that presumptive mesencephalon was completely changed to metencephalon (Sato et al., 2001 ). Fgf8a did not affect the expression of Otx2, Gbx2 and Irx2. In normal embryos, Otx2 is expressed in the prosencephalon and mesencephalon down to the mes-metencephalic boundary. Gbx2 is expressed in the metencephalic region and abuts on Otx2 expression at the mes-metencephalic boundary. Irx2 is also expressed in the metencephalic region.
On the other hand, Fgf8b repressed Otx2 expression and Gbx2 and Irx2 expression extended rostrally up to the presumptive diencephalic region. Thus the region where Gbx2 and Irx2 expression is induced may have changed its fate to differentiate into the cerebellum. En2 was so sensitive to Fgf8 and was induced in the diencephalon by either Fgf8a or Fgf8b, which may explain the transformation of the presumptive diencephalon to the mesencephalon. Transgeneic mice in which Fgf8b is misexpressed under Wnt1 regulation exerted similar effects on downstream gene expression (Liu et al., 1999) .
Although the effects of Fgf8a and Fgf8b exert different effects, quantitative experiments indicated that the type difference could be attributable to the difference in strength of the signal. Electroporation with 1/100 concentration of Fgf8b expression vector exerted Fgf8a type effects (Sato et al., 2001) . This result together with that of Fgf8b-bead implantation into the diencephalon, in which cerebellar structure differentiated in the center and tectum differentiated in the periphery, suggests that the region which is exposed to strong Fgf8 signal may differentiate into the cerebellum and the region where Fgf8 signal is weak may differentiate into the tectum. Indeed in normal development, Fgf8 mRNA is expressed in the region of the presumptive cerebellum. Strong Fgf8 signal activates the Ras-ERK signaling pathway to organize cerebellar differentiation (Sato and Nakamura, 2004; Matsumoto et al., 2004 ), but precise regulation of the signal by the antagonistic regulator Sprouty2 is needed (Suzuki-Hirano et al., 2005) .
Di-mesencephalic and mes-metencephalic boundary formation
The regional property may be determined by the combination of transcription factors. Otx2 is expressed in the prosencephalon and mesencephalon and Gbx2 is expressed in the metencephalic Fig. 3 . Schematic drawing of the brain vesicles defining mesencephalon and metencephalon. The fundamental brain plan comprises three primary brain vesicles. These vesicles, prosencephalon (pros), mesencephalon (mes) and rhombencephalon (rhomb), subdivide into secondary brain vesicles; telencephalon (tel), diencephalon (di), mesencephalon (mes), metencephalon (met) and myelencephalon (myel). The fate of the region is determined by a combination of the transcription factors. The anterior tip of the prosencephalon and the mesmetencephalic boundary function as organizers. Organizing signal changes or stabilizes the expression of transcription factors, thus the organizer affects the fate of the adjacent region. Overlapping expression of Otx2, Pax2 and En1 defines the mesencephalon and additional expression of Pax3/7 ensures tectum differentiation (Matsunaga et al., 2001) . Di-mesencephalic boundary are determined by repressive interaction between Pax6 and En1/Pax2. Mes-metencephalic boundary is determined by repressive interaction of Otx2 and Gbx2. A strong Fgf8 signal in the mesencephalon represses Otx2 expression and induces Gbx2 expression and changes the fate of the mesencephalon to the metencephalon. In normal development, cerebellum differentiates into the metencephalon, which may be exposed to strong Fgf8 signal because Fgf8 mRNA localizes in the metencephalon.
region from the early stage of development. In early stages, their expression is overlapping around the boundary, but abuts at the mes-metencephalic boundary around the 10-somite stage. Targeted disruption of Otx2 in mice reulsts in deletion of the prosencephalic, metencephalic and the anterior rhombencephalic region (Acampora et al., 1995; Ang et al., 1996; Matsuo et al., 1995) . On the other hand, Gbx2-knock out mice have abnormalities in the isthmus and caudal extension of the mesencephalon (Wasserman et al., 1997) .
Misexpression of Otx2 and Gbx2 was carried out in mice and chick (Brocolli et al., 1999; Millet et al., 1999; Katahira et al., 2000) . Mesencephalic superior colliculus in mice or optic tectum in chick differentiated in place of the cerebellum after misexpression of Otx2 (Fig. 1F,G) . On the other hand, the posterior limit of the optic tectum shifted anteriorly after misexpression of Gbx2. Otx2 and Gbx2 repressed each other's expression in both mice and chick and Fgf8 expression was induced at the interface of the Otx2 and Gbx2 expression domain, overlapping with Gbx2 expression. The results indicated that mes-metencephalic boundary is set by a repressive interaction between Otx2 and Gbx2 (Fig. 3) .
For the induction and maintenance of Fgf8 expression, Wnt1-Limx1b system may be involved. Limx1b could induce Wnt1 expression (Adams et al., 2000; Matsunaga et al., 2002) , in turn Wnt1 could induce Fgf8 expression (Matsunaga et al., 2001) . On the other hand, Limx1b repressed Fgf8 expression in a cell autonomous manner but induced Fgf8 expression in the neighboring cell (Matsunaga et al., 2002) . This gene expression network will provide clear abutting of Otx2 and Gbx2 expression and results in induction and maintenance of Fgf8 expression at the border of Otx2 and Gbx2 expression domain.
Pax6 is expressed in the prosencephalon. En1 and Pax2 first covers the whole mesencephalon, but later the expression is limited to the isthmic region. Misexpression of Pax6 resulted in posterior shift of the di-mesencephalic boundary. Posterior commissure is formed in the pretectum, which is a part of diencephalon and is a good landmark of di-mesencephalic boundary. The posterior commissure became wider and extended more caudally after misexpression of Pax6. Pax6 repressed Pax2 and En1 expression (Fig. 3) .
On the other hand, En1 or En2 repressed Pax6 expression and induced Fgf8 expression in the diencephalon. Consequently, ectopic tectum differentiated in the diencephalon. Thus, it was suggested that di-mesencephalic boundary is formed by repressive interaction between Pax6 and En1/Pax2 (Matsunaga et al., 2000) .
Regionalization along the dorsoventral axis
The Sonic hedgehog (Shh) molecule is expressed in the floor plate of the neural tube up to the diencephalon. Shh is necessary for the neural cells to acquire a ventral property for instance to become motor neurons (Tanabe and Jessell, 1996) . In the mesencephalon, alar plate differentiates into the optic tectum and the basal plate differentiates into the tegmentum.
Misexpression of Shh in a wide region of the mesencephalon by in ovo electroporation resulted in expansion of the tegmental region dorsally and a very small tectum fused with the other (non transfected) side of the tectum (Fig. 2) . The tectum related genes, En1, En2, Pax2, Pax5 and Fgf8 expressions were repressed by Shh . Pax7, a marker gene for the tectum, was also repressed by Shh. Otx2 expression was indifferent to Shh. On the other hand, ventral markers, such as HNF3β and ptc expression were induced. Ventral cell types were also induced by Shh. Isl-1 and Lim1/2 expression region both extended dorsally. Immunohistochemical staining with SC1 antibody specific for motor neurons showed that the region of motor neurons also expanded dorsally and that many ectopic motor neuron fibers emerged from the dorsolateral midbrain. Region of the dopamine neurons and serotonergic neurons also extended dorsally.
In conclusion, Shh ventralizes the mesencephalon. A strong Shh signal may force the mesencephalic cells to differentiate into the tegmentum and a weak signal or another signal emanating from the tegmentum may confer the ventral characteristics to the tectal cells.
Perspectives
All these results indicate that a strong FGF8 signal organizes cerebellar development. Our preliminary study indicate that a strong Fgf8 signal activates the Ras-ERK signaling pathway (Sato et al., unpublished data) . This pathway may not be crucial for tectal development. It will be of great interest to determine which signaling pathway has to be activated for the differentiation of the tectum to proceed.
